In Salmonella enterica, 5-aminoimidazole ribonucleotide (AIR) is the precursor of the 4-amino-5-hydroxymethyl-2-methylpyrimidine (HMP) pyrophosphate moiety of thiamine and the last intermediate in the common HMP/purine biosynthetic pathway. AIR is synthesized de novo via five reactions catalyzed by the purF, -D, -T, -G, and -I gene products. In vivo genetic analysis demonstrated that in the absence of these gene products AIR can be generated if (i) methionine and lysine are in the growth medium, (ii) PurC is functional, and (iii) 5-amino-4-imidazolecarboxamide ribotide (AICAR) has accumulated. This study provides evidence that the five steps of the common HMP/purine biosynthetic pathway can be bypassed in the synthesis of AIR and thus demonstrates that thiamine synthesis can be uncoupled from the early purine biosynthetic pathway in bacteria.
I
N bacteria and other organisms, the metabolic network is characterized by a robustness that facilitates adaptation to environmental and genetic perturbations. One component of this robustness is redundancy, which can be mediated by isoenzymes that perform the same catalytic reaction (David and Wiesmeyer 1970; Skinner and Cooper 1974; Primerano and Burns 1983) , multiple pathways or routes that generate a particular metabolite (Sable 1966; Ramos et al. 2008) , and systems that maintain homeostasis of the cellular environment (Tokumoto and Takahashi 2001; Takahashi and Tokumoto 2002) . It has been suggested that metabolic redundancies exist to safeguard vital cellular processes by providing overlapping levels of biological function (de Visser et al. 2003) , but there is increasing evidence that metabolic redundancy in a cell may be a signature of pathway evolution (Wang and Zhang 2009) . Therefore, studying metabolic redundancy can provide insights into the evolution of the metabolic pathways and metabolic networks of individual organisms. Furthermore, since robustness promotes evolvability (Masel and Trotter 2010) , exploring metabolic redundancy can be informative regarding the metabolic potential of an organism, which can facilitate metabolic engineering efforts and impact targeted drug design. Mutant analyses can be informative when a mutation that redistributes metabolites or alters protein activity is required to uncover weak redundancy. The metabolic redundancy uncovered by such mutations is likely to be present at a low level in a wild-type strain, but its contribution to fitness in the natural world may be overlooked when laboratory growth conditions and exclusively clonal populations are used.
Genetic analysis of thiamine biosynthesis in Salmonella enterica has been exploited to identify features of the metabolic network, including redundancy (Downs 2006; . Thiamine is an essential nutrient and the coenzymic form, thiamine pyrophosphate (TPP), is utilized by various central metabolic enzymes, including pyruvate dehydrogenase [Enzyme Commission (EC) number 1.2.4.1], a-ketoglutarate dehydrogenase (EC 1.2.4.2), and transketolase (EC 2.2.1.1). TPP consists of a pyrimidine moiety and a catalytically active thiazole ring that mediates catalysis by stabilizing acyl carbanion intermediates to allow the transfer of C2 units. In S. enterica, the 4-methyl-5-(b-hydroxyethyl)-thiazole monophosphate and 4-amino-5-hydroxymethyl-2-methylpyrimidine (HMP) pyrophosphate moieties are independently synthesized and then condensed to form thiamine monophosphate, which is phosphorylated to TPP (Begley et al. 1999) .
The first five enzymatic steps of HMP synthesis are shared with the purine biosynthetic pathway, and 5-aminoimidazole ribotide (AIR) is the last common intermediate of the branched pathway ( Figure 1) . Mutants of S. enterica lacking amidophosphoribosyltransferase (PurF, EC 2.4.2.14) are able to grow in the absence of thiamine by using alternative mechanisms to generate 5-phosphoribosylamine (PRA), the product of the PurF reaction (Petersen et al. 1996; Enos-Berlage et al. 1998; Ramos and Downs 2003; Ramos et al. 2008; . In each of the described cases, synthesis of thiamine required the subsequent four purine biosynthetic enzymes (PurD, -T, -G, -I).
1 5-Amino-4-imidazole carboxamide ribotide (AICAR) is a metabolite that integrates the purine and histidine biosynthetic pathways, and it is a by-product metabolite formed in histidine biosynthesis that is an intermediate in purine biosynthesis (Figure 1 ) (Magasanik and Karibian 1960; Moyed and Magasanik 1960; Allen et al. 2002) . The last two reactions of purine biosynthesis convert AICAR to inosine monophosphate (IMP) and are catalyzed by phosphoribosylaminoimidazolecarboxamide formyltransferase/IMP cyclohydrolase (PurH, EC 2.1.2.3/3.5.4.10). The AICAR transformylase domain of PurH formylates the amino group of AICAR to generate 59-phosphoribosyl-5-formamido-4-imidazolecarboxamide (FAICAR), and then the IMP cyclohydrolase domain of the enzyme cyclizes FAICAR to IMP, completing the synthesis of the purine ring.
The accumulation of AICAR in vivo has been shown to have a number of metabolic consequences, suggesting that this metabolite has multiple roles in the cellular network. In S. enterica, the thiamine requirement of a purH mutant (Yura 1956; Newell and Tucker 1968; Downs 1987) and the inability of the same mutant to grow on glycerol (Burton 1971; Dougherty et al. 2006) have been attributed to the accumulation of AICAR. In Rhizobium etli, genetic studies showed that AICAR accumulation affected cellular processes such as the production of the cytochrome terminal oxidase cbb 3 (Soberon et al. 1997 ) and the infection stages of symbiosis (Newman et al. 1994) . In mammals, AICAR has been shown to activate AMP-protein kinase (Sullivan et al. 1994) , an enzyme that maintains energy homeostasis by increasing fatty acid oxidation and inhibiting triglyceride synthesis (Karp et al. 2002) . Activation of AMP-protein kinase has also been shown to inhibit cell proliferation of various cancer cells (Rattan et al. 2005; Sengupta et al. 2007 ).
Here we report in vivo genetic studies that identify a role for AICAR in forming AIR to satisfy the cellular requirement for the HMP moiety of thiamine. Significantly, AICAR-dependent AIR synthesis is independent of the first five HMP/purine biosynthetic enzymes. To our knowledge, this is the first evidence that thiamine synthesis can be uncoupled from the early purine biosynthetic pathway in bacteria. The demonstration that the HMP moiety of thiamine can be generated independently of the common HMP/purine biosynthetic pathway provides an opportunity to probe evolutionary scenarios by which the pathways evolved and to explore redundancy in this area of the metabolic network.
MATERIALS AND METHODS
Bacterial strains, media, and chemicals: Strains used in this study are derivatives of S. enterica serovar Typhimurium LT2 and are described in Table 1 . Difco nutrient broth (NB) (8 g/ liter) with NaCl (5 g/liter) was used as rich medium. No carbon E medium supplemented with 1 mm MgSO 4 (Vogel and Bonner 1956; Berkowitz et al. 1968; Davis et al. 1980 ) and trace minerals (Balch and Wolfe 1976) was used as the defined medium. Carbon sources were provided at the following final concentrations: glucose and gluconate (11 mm) and ribose (20 mm). Difco BiTek agar was added (15 g/liter) for solid medium. When present in the media, compounds were at the following final concentrations: adenine (0.4 mm), methionine (0.3 mm), lysine (0.25 mm), histidine (0.1 mm), Figure 1. -Integration of the shared thiamine, purine, and histidine biosynthetic pathways in S. enterica. Relevant biosynthetic pathways are represented schematically. Gene products are indicated next to the reaction that they catalyze. Some steps are condensed, and significant metabolites are structurally depicted. The reactions of the steps following AIR are as indicated: PurKE-AIR 1 ATP 1 bicarbonate / CAIR 1 ADP 1 P i ; PurC-CAIR 1 ATP 1 aspartate / SAICAR 1 ADP 1 P i ; PurB-SAICAR / AICAR 1 fumarate; PurH (first reaction)-AICAR 1 10-formyl-THF / FAICAR 1 THF; PurH (second reaction)-FAICAR / IMP 1 H 2 O. Gln, glutamine; PRPP, phosphoribosyl pyrophosphate; R5P, ribose-5-phosphate; PRA, 5-phosphoribosylamine; AIR, 5-aminoimidazole ribotide; HMP-P 4-amino-5-hydroxymethyl-2-methylpyrimidine phosphate; TPP, thiamine pyrophosphate; N 5 -CAIR, N5-carboxy-AIR; CAIR, carboxy-AIR; AICAR, 5-amino-4-imidazolecarboxamide ribotide; SAICAR, succino-AICAR; FAICAR, 5-formyl AICAR; IMP, inosine monophosphate; GMP, guanosine monophosphate; ATP, adenosine triphosphate; PRFAR, phosphoribulosylformimino-AICAR-phosphate; IGP, imidazole glycerol phosphate; ADP, adenosine diphosphate; Pi, orthophosphate; THF, tetrahydrofolate; THZ-P, 4-methyl-5-(beta-hydroxyethyl)-thiazole monophosphate. aspartic acid (0.4 mm), threonine (0.3 mm), and thiamine (100 nm). Antiobiotics were used at the following concentrations for rich (minimal) medium, respectively: tetracycline (Tc), 20 (10) mg/ml; kanamycin 50 (150) mg/ml; chloramphenicol, 20 (5) mg/ml; and ampicillin, 100 (15) mg/ml.
Growth quantitation: Cells from overnight cultures in NB medium were pelleted and resuspended in an equal volume of saline (0.85% NaCl), and a 0.1-ml aliquot was used to inoculate 5 ml of the appropriate minimal media. Alternatively, a 5-ml aliquot was used to inoculate 195 ml of the appropriate minimal media when the growth was quantified in a microplate reader (model EL808, Bio-tek Instruments). Unless otherwise stated, cell density was measured as absorbance at 650 nm, and growth was routinely reported as specific growth rates [m ¼ ln(X/X 0 )/T] or the final cell density (OD 650 ) reached after 12-24 hr incubation at 37°with shaking (Downs 1992) . When nutritional requirements were measured on solid medium, soft agar overlays were used as has been described (Allen et al. 2002) .
Genetic techniques: Bacteriophage P22 (HT105/1, int-201), a high-frequency general transducing mutant, was used for transductional crosses (Schmieger 1972) . Methods for transductional crosses, isolation of transductants from phage, and identification of phage-free transductants have been previously described (Chan et al. 1972; Downs and Petersen 1994) . Mutant strains were constructed using standard genetic techniques. The purH locus in S. enterica was replaced with the kan element using l-Red-mediated homologous recombination (Datsenko and Wanner 2000) .
Isolation of purG derivatives allowing thiamineindependent growth: Ten independent cultures of DM11507 (purG1739TTn10) were grown overnight in NB medium. Cells were pelleted and resuspended in an equal volume of saline. A 0.1-ml aliquot ($1 3 10 8 cells) was spread on solid glucose medium with adenine and 0, 16 (lacking methionine, serine, tryptophan, histidine), 19 (lacking histidine), or 20 amino acids in standard concentrations (Davis et al. 1980) . After incubation at 37°for 48-72 hr, colonies that arose were streaked for isolation on nonselective rich medium and were further characterized.
Isolation of zwf mutants: A P22 lysate grown on a pool of cells containing .80,000 random Tn10 d (Tc) insertions was used to transduce DM11529 (purG2324TMudJ purH3115) to tetracycline resistance (Tc r ) on nutrient agar plates. The Tc r transductants were screened for a Thi À phenotype on glucose medium containing adenine, methionine, lysine, and tetracycline. Tc r Thi À transductants were reconstructed by transduction. Purification of Succino-AICAR synthetase (PurC, EC 6.3.2.6): A 5-ml overnight culture (at 37°with shaking) of JW2461-2 (carrying pCA24N-purC) (Saka et al. 2005) in LB medium supplemented with 30 mg/ml chloramphenicol was used to inoculate 1 liter of the same medium. When OD 650 reached 0.8, the cells were induced with 1 mm isopropyl-b-dthio-galactoside, incubated for an additional 3 hr, and then harvested by centrifugation (7000 3 g for 10 min at 4°). Cell pellet was washed (23) and resuspended in binding buffer (50 mm KPO 4 , pH 7.5, 100 mm KCl, 5% glycerol). DNAse and lysozyme were added at 0.01 mg/ml, cells were broken with the French press (four passes at 1500 psi), and cell debris was pelleted by centrifugation (18,000 3 g for 30 min at 4°). Lysate was passed through a 0.22-mm filter and loaded onto Ni-NTA Superflow resin (Qiagen). Two column volumes (CV) of binding buffer, followed by 15 CV of wash buffer (50 mm KPO 4 , pH 7.5, 300 mm KCl, 5% glycerol, 10 mm imidazole), were passed over the column until the A 280 of the eluent was zero. PurC was eluted with a gradient (10-500 mm imidazole) over 20 CV. PurC concentration was determined by a bicinchoninic acid protein assay kit (Thermo Scientific).
Enzyme assays: PurC assay with AICAR as a substrate: PurC activity assay (Meyer et al. 1992 ) was modified by eliminating coupling components and substituting AICAR for carboxy-AIR (CAIR) as the substrate for PurC. All reactions were 50 ml and contained the following: 50 mm HEPES, pH 7.8, 6 mm MgCl 2 , 2 mm ATP, 10 mm aspartate, 2 mm PurC, and 2 mm AICAR. Reaction variations contained additional reagents at 5 mm (pantothenate and glutathione) or 10 mm (succinate, methionine, lysine, fumarate, malate, cysteine, and dithiothreitol). Reactions were incubated at 37°and 10-ml aliquots were collected at 2.5, 5, and 14-20 hr. Reaction components were separated by thin-layer chromatography: 10-ml aliquots were spotted on polyethyleneimine (PEI) cellulose plates and run with a mobile phase of 1.2 m ammonium sulfate, pH 3.5, and 135 mm EDTA (Bochner and Ames 1982) . Product formation was monitored with UV absorbance (254/365 nm) and iodine staining. In no case was a product detected.
Ammonia detection with a coupled PRA-forming assay: All reactions were 50 ml and contained the following: 50 mm purG1739TTn10 purH3115 purI2152TMudJ DM11500 purG2324TMudJ purH3115 zee-2TTn10 hisG1102 DM11501 purG2324TMudJ purH3115 zee-2TTn10 DM11506 purG1739TTn10 purH3115 purE2154TMudJ DM11507 purG1739TTn10 purH3115 DM11508 purG1739TTn10 purH3116 DM11509 purG1739TTn10 purH3117 DM11510 purG1739TTn10 purH3118 DM11511 purG1739TTn10 purH3119 DM11512 purG1739TTn10 purH3120 DM11529 purG2324TMudJ purH3115 DM11666 purG1739TTn10 purH3115 DthiC1137Tkan DM11761 purG1739TTn10 purH3115 hisG1102 DM11762 purG1739TTn10 purH3115 hisG1102 hisF109 zee-2TTn10 DM11763 purG1739TTn10 purH3115 hisG1102 zee-2TTn10 DM11764 purG1739TTn10 purH3115 hisG1102 hisB79 zee-2TTn10 DM12240 purG DpurH3121Tkan DM12388 purG1739TTn10 purH3115 purC2156 DM12437 purG2324TMudJ purH3115 purK2319TTn10d(Tc) DM12657 purG2324TMudJ purH3115 zwf21TTn10d(Tc) DM12658 purG2324TMudJ purH3115 gnd175TTn10d(Tc) DM12662 purG1739TTn10 purH3115 purB1879TMudJ DM12669 purG1739TTn10 purH3115 purC2156 pCA24N DM12670 purG1739TTn10 purH3115 purC2156 pCA24N-purC All strains are S. enterica serovar Typhimurium LT2 and were constructed for this study.
a Tn10d(Tc) refers to the transposition-defective mini-Tn10 (Tn10D16D17) construct (Way et al. 1984) . MudJ refers to the MudJ1734 transposon (Castilho et al. 1984) . Plasmid pCA24N-purC is from the E. coli ASKA library (Saka et al. 2005) , and the empty vector control, pCA24N, is a lab-made derivative.
KPO 4 , pH 8, 12 mm MgCl 2 , 10 mm ATP, 15 mm PurC, and 15 mm AICAR. The 50-ml reactions were incubated for 1 hr at 37°b efore adding components of the coupled reaction to detect PRA formation (Legal et al. 1967; Schendel et al. 1988; Koenigsknecht et al. 2007; Lambrecht et al. 2010) . After the incubation period, the reaction volume was brought to 75 ml by adding the following: 2 mm [ 14 C]glycine, 6 mg GAR synthetase (PurD), 13 mm ribose-5-phosphate, and water as needed. Reaction variations contained additional reagents, those mentioned in the previous section, and the following at 10 mm: glutamate, oxaloacetate, 2-oxoglutarate, NADH, NADPH, coenzyme A, and succinyl coenzyme A. Reactions were repeated at pH 6, 7, 9, and 10. Reactions were incubated for 16 hr at 37°. [
14 C]Glycine and [ 14 C]GAR were separated by thinlayer chromatography: 6 ml of each reaction was spotted on PEI cellulose plates, and the solvent system was n-propanol:-water (1:1). The relative quantity of [ 14 C]GAR formed was determined by scanning with a Packard Cyclone Storage Phosphor Scanner. In no case was PRA formation detected. The anticipated sensitivity of this assay for ammonia was $0.5 mm.
RESULTS
Purine biosynthetic pathway is not required to synthesize thiamine: To isolate derivatives of a purG mutant, which can grow independently of thiamine in the medium, purG mutants were plated to a series of solid minimal media containing glucose, adenine, and up to all of the amino acids. Derivatives of a purG mutant that grew in the absence of thiamine arose spontaneously (at a frequency between 10 À6 and 10
À7
) only on solid medium containing glucose, adenine, and 19 amino acids (no histidine). Nutritional studies showed that thiamineindependent growth was dependent on both methionine and lysine, although neither was required if thiamine was provided in the medium. Growth of a representative revertant strain (DM11507) was quantified (m ¼ 0.34) (Figure 2 ). The thiamine-independent growth rate and final cell density observed for DM11507 were lower than when thiamine was provided, presumably reflecting lessthan-optimal biosynthesis via this alternative mechanism. Since methionine and lysine are derived from aspartate, additional nutritional tests with aspartate and threonine (also derived from aspartate) were done. No combination of aspartate and threonine had any effect on the requirement for methionine and lysine in the thiamineindependent growth of DM11507 (data not shown). An insertion mutation in purI had no effect on the thiamineindependent growth allowed by the revertant mutation (data not shown), demonstrating that the synthesis of HMP was independent of the described de novo pathway for AIR synthesis.
Loss of PurH function allows the synthesis of AIR: The mutation that allowed thiamine-independent growth in each of six independent purG revertants was in the purH gene. The purH gene encodes a bifunctional enzyme that catalyzes the conversion of AICAR to FAICAR (C terminus) and the subsequent conversion of FAICAR to IMP (N terminus) (Figure 1) (Rayl et al. 1996) . Four mutations (purH3115, purH3118-3120) were located in the AICAR transformylase-encoding region of purH and were predicted to either lower or eliminate AICAR transformylase activity (Table 2) . Two mutations (purH3116 and purH3117) were located in the IMP cyclohydrolase-encoding region of purH and were predicted to result in truncated proteins that lacked the entire AICAR transformylase domain and over half of the IMP cyclohydrolase domain (Table 2) .
A precise insertion deletion of purH was constructed and introduced into strain DM11413 (purG). The resulting strain, DM12240 (purG DpurH3121::kan), grew independently of thiamine in the presence of methionine and lysine, similar to that of the spontaneous revertants of DM11413 (purG) (data not shown). These data demonstrated that the loss of PurH activity allowed thiamine-independent growth of a purG mutant strain. A null mutation in thiC eliminated thiamine-independent growth (data not shown), supporting the conclusion that the purG purH mutant strains were synthesizing AIR and required HMP phosphate synthase (ThiC) to convert it to HMP for TPP (Martinez-Gomez and Downs 2008) .
AIR synthesis requires AICAR from the histidine biosynthetic pathway: Thiamine-independent growth of a purG purH mutant was eliminated by exogenous histidine (Figure 2 ). The hisG1102 allele, which encodes a feedback-resistant variant of ATP phosphoribosyltransferase (EC 2.4.2.17) (Sheppard 1964) , was introduced into the purG purH mutant. Growth of the resulting strain, DM11500 (purG purH hisG1102), was independent of thiamine and unaffected by the presence of histidine (Table 3) .
Isogenic strains, with and without non-polar null alleles of genes encoding histidine biosynthetic enzymes, were constructed in a purG purH hisG1102 background. The hisF109 allele (DM11762) eliminated thiamineindependent growth, while the hisB79 allele (DM11764) did not (Table 3) . Imidazole glycerol-phosphate (IGP) synthetase (HisH/F, EC 2.4.2.-, EC 4.1.3.-) produces IGP, which is utilized in histidine synthesis, and AICAR as a byproduct (Figure 1) . AICAR is the substrate for PurH, and purH mutants are known to accumulate AICAR (Westby and Gots 1969) . In nutritional tests, exogenous 5-aminoimidazole-4-carboxamide (AICA), which can be converted to AICAR in vivo (Flaks et al. 1957; Newell and Tucker 1968) , satisfied the thiamine requirement of DM11762 (purG purH hisG1102 hisF) (Figure 3 ). This result was verified in liquid media where 0.5 mm AICA satisfied the thiamine requirement of a purG purH mutant (m ¼ 0.27, final density ¼ 0.43) and the purine requirement of a purE mutant (m ¼ 0.04, final density ¼ 0.28). The weak growth of the purE mutant was anticipated since the purine requirement in the cell is significantly higher than the thiamine requirement. Taken together, these results led to the conclusion that AICAR, generated through histidine biosynthetic flux, was required for AIR synthesis in the absence of PurG.
AICAR-dependent AIR formation does not involve reversing flux from AIR to AICAR: It was formally possible that AICAR-dependent AIR formation could occur by flux through the back reactions catalyzed by the purine biosynthetic enzymes between AIR and AICAR ( Figure 1 ). Insertion mutations in purK, purE, purC, and purB were independently introduced into the purG purH mutant, resulting in strains DM12437, DM11506, DM12388, and DM12662, respectively. Only strain DM12388, carrying an insertion in purC, lost the ability to grow independently of added thiamine (final cell density ¼ 0.05, compared to 0.96 for the purG purH mutant). Thiamine-independent growth of DM12388 (purG purH purC) was restored when pCA24N-purC, encoding a wild-type copy of Escherichia coli purC (Saka et al. 2005) , was provided in trans (data not shown). These results showed that PurC (phosphoribosylaminoimidazole-succinocarboxamide synthase, EC Strains were grown in glucose medium containing adenine and the indicated additions. Data shown are the average growth rate and final cell density after 20 hr (in parentheses) of three independent cultures (error between cultures was #10%). NG, no growth, indicates final cell density was ,0.15. Isogenic strains lacking null alleles of hisF/hisB (DM11761/DM11763) behaved as DM11500. Figure 3. -AICA satisfies the thiamine requirement of a purG purH hisF mutant. A soft agar overlay of DM11762 purG purH hisG1102 hisF was prepared on a minimal medium plate containing glucose, adenine, methionine, lysine, and histidine. An aliquot of thiamine (1 pmol in 1 ml) and 5-aminoimidazole-4-carboxamide (1 mmol in 10 ml) were spotted on top of the soft agar. Growth was after 36 hr at 37°. The comparatively weak growth allowed by AICA was expected on the basis of the need for conversion to AICAR by adenine phosphoribosyltransferase (Apt, EC 2.4.2.7) (Flaks et al. 1957; Newell and Tucker 1968). 6.3.2.6) was required for AICAR-dependent AIR synthesis, despite no apparent source of either its substrate or product.
Finally, growth analysis showed that an insertion in purE (polar on purK ) stimulated thiamine-independent growth of the purG purH mutant (Figure 4 ). This result supported the conclusion that AIR was the product of the alternative pathway, since preventing diversion of AIR to purines increases thiamine synthesis (Petersen et al. 1996) .
The oxidative pentose phosphate pathway is required for AIR synthesis: Strain DM11529 (purG purH) was mutagenized with random Tn10d(Tc) insertions, and resulting clones were screened for those that required thiamine in the presence of methionine and lysine. Seven strains meeting this criterion were isolated and their phenotypes confirmed. When transduced into a wild-type strain, six of the insertions generated a thiamine requirement, indicating that they were in thiamine biosynthetic (thi) genes. One Tn10d(Tc) insertion eliminated thiamine-independent growth of the purG purH mutant but not the wild-type strain. This insertion was mapped by degenerative PCR-based sequencing (Caetano-Annoles 1993) and confirmed by genetic linkage to the zwf locus. Although this mutant hunt was not saturating, a subsequent mutant hunt recovered a Tn10d(Tc) insertion that was in purC.
The zwf gene encodes glucose-6-phosphate dehydrogenase (Zwf, EC 1.1.1.49), the first enzyme of the oxidative pentose phosphate (OPP) pathway. The last enzyme of the OPP pathway is 6-phosphogluconate dehydrogenase (Gnd, EC 1.1.1.44), encoded by gnd. Lesions in either zwf or gnd greatly reduced thiamine-independent growth of a purG purH mutant when glucose was the carbon source ( Figure 5A ). When gluconate was the carbon source (and thus there was no flux through Zwf), the gnd, but not the zwf, lesion decreased thiamineindependent growth ( Figure 5B ). These data were consistent with a requirement for flux through the OPP pathway for optimal AICAR-dependent AIR synthesis. The OPP pathway contributes pentoses (e.g., ribose) and reducing power (NADPH) to the cell for biosynthesis. DM12657 (purG purH zwf ) was unable to grow in the absence of thiamine when ribose was the sole carbon source, suggesting that the role of the OPP pathway was not to provide pentoses for AIR synthesis (data not shown).
The reducing environment of the cell impacts AIR synthesis: Under limiting oxygen conditions (standing cultures), neither the zwf nor the gnd mutation affected thiamine-independent growth of the purG purH mutant (Table 4) . A comparison of growth with and without aeration had the caveat that all growth yields were reduced in the absence of aeration. To account for this, the relative level of thiamine-independent growth was captured as the ratio of final cell density in the absence or presence of thiamine. Comparison of these ratios confirmed that no defect in thiamine synthesis was caused by the zwf/gnd mutations under standing growth conditions. The purG purH purC mutant was unable to grow in the absence of thiamine under either condition.
A number of reducing agents (cysteine, glutathione, and dithiothreitol) resulted in a detectable zone of growth when spotted on a soft agar overlay of the purG purH zwf mutant on minimal medium containing glucose, adenine, methionine, and lysine (data not shown). When quantified in liquid media, the data showed that glutathione (0.25 mm) increased the growth rate by 50% in the absence of thiamine (0.07 and 0.11 respectively) and doubled the final yield (0.23 and 0.43, respectively). Importantly, the addition of glutathione had no effect on the thiamine-independent growth of the purG purH mutant. Collectively, these data support a role for the cellular reducing environment in AICAR-dependent AIR synthesis. -Thiamine-independent growth of a purG purH mutant requires the OPP pathway. Growth was quantified in minimal medium containing 0.4 mm adenine, 0.3 mm methionine, 0.25 mm lysine, and either 11 mm glucose (A) or gluconate (B). The purG purH mutant (circles), the purG purH zwf mutant (triangles), and the purG purH gnd (squares) are shown with 100 nm thiamine (solid symbols) and without thiamine (open symbols).
DISCUSSION
The work here shows that strains lacking all enzymes of the common thiamine/purine biosynthetic pathway are capable of thiamine-independent growth. To our knowledge, this is the first demonstration that AIR could be synthesized in the absence of the first five purine biosynthetic enzymes in bacteria, indicating that thiamine synthesis and the early purine biosynthetic pathway could be uncoupled. The mechanism of AIR synthesis characterized here required (i) accumulation of AICAR via the histidine biosynthetic pathway, (ii) the post-branchpoint purine biosynthetic enzyme PurC, (iii) a functional OPP pathway, and (iv) methionine and lysine in the medium.
In strains lacking the first five purine biosynthetic enzymes (PurF, -D, -T, -G, -I), a lesion in purH allowed thiamine-independent growth by causing an accumulation of AICAR derived from histidine synthesis. At least three enzymes were required for AICAR-dependent AIR synthesis: Zwf, Gnd, and PurC. Zwf and Gnd were required for OPP pathway function and thus appeared to contribute to the appropriate reducing environment in the cell. The requirement for PurC occurred in the absence of its known substrate (carboxy-AIR) and product (succino-AICAR), indicating that this enzyme catalyzed an alternate reaction in the formation of AIR. An evaluation of the enzymatic mechanism of PurC and the structural similarity between AICAR and AIR led to the hypothesis that PurC uses AICAR, or an AICAR-derived metabolite, as a substrate in the formation of AIR.
A working model that provides a framework to direct future approaches to reconstituting AICAR-dependent synthesis in vitro is depicted in Figure 6 . In this general scheme, the role of PurC (a carbon-nitrogen ligase) in AIR synthesis is to catalyze the deamination of the carboxamide amino group. The deamination may involve the ligation and subsequent hydrolysis of an amino acceptor (X-NH 3 ) or proceed through a reaction analogous to the reverse of the standard reaction of PurC where free ammonia would be released. In either scenario, the expected product is carboxy-AIR, which is known to spontaneously decarboxylate to yield AIR (Rabinowitz 1956; Recsei and Snell 1984; Hayashi 1995) . We were unable to detect the release of free ammonia when AICAR, PurC, and ATP were incubated together (see materials and methods), perhaps suggesting that the latter possibility is more likely.
An explanation for the methionine and lysine requirement in thiamine-independent growth of the purG purH strain was not obvious. Methionine and lysine lower the cellular thiamine requirement of S. enterica by sparing succinyl-CoA (Enos-Berlage and Downs 1997). Additionally, although AICAR was required for the synthesis of AIR here, it also inhibited the ThiCcatalyzed reaction in vivo (Allen et al. 2002) . One possibility that is consistent with our data, as well as with Cells were grown in glucose medium with adenine and the indicated additions. Final cell yield was reported as absorbance at 650 nm after 16 hr growth. Data shown are the average cell density of three independent cultures (error between cultures was #10%).
a Thiamine synthesis was indicated as the ratio of thiamine-independent growth:growth when thiamine is provided in the medium. A ratio was not assigned when a strain had a growth yield ,0.10. Figure 6 .-Scheme for AICAR-dependent AIR synthesis. A working model suggests that AICAR generated as a by-product in histidine biosynthesis is a substrate in AIR synthesis. The first step in this conversion involves the hypothesized PurCmediated deamination of AICAR to CAIR where two possible routes are considered. In one route, PurC ligates AICAR to an amino acceptor (X); the resulting compound is subsequently hydrolyzed, releasing the amino acceptor bound to the amino group (X-NH 3 ). In a second route, analogous to a reversal of the normal catalytic activity of PurC, the activated carboxamide releases the amino group in the form of free ammonia. The second step involves the known spontaneous decarboxylation of CAIR to form AIR that is subsequently utilized by ThiC to generate HMP for thiamine production.
data from previous physiology studies on purH mutants, is that the inhibitory effect of AICAR on ThiC is antagonized by the presence of methionine and lysine in the medium (Westby and Gots 1969; Allen et al. 2002) . Taken together, these points suggest that multiple antagonistic effects combined in vivo to generate the growth properties that we detected. Potential roles for methionine and lysine include (i) relieving inhibition by AICAR at the ThiC step, (ii) stimulating AICAR-dependent AIR synthesis, (iii) reducing the thiamine requirement to allow the AICAR-dependent route to be sufficient for growth, or (iv) any combination of the above. Reconstitution of AICAR-dependent AIR synthesis in vitro will define the components that have a direct role in this synthesis and allow subsequent genetic studies to dissect this pathway in the context of the metabolic network.
The results of this study showed that S. enterica has the metabolic capacity to generate the HMP moiety of thiamine sufficient for growth, independent of the first five purine biosynthetic enzymes previously implicated in its synthesis. In some organisms such as yeast, the synthesis of the HMP moiety does not involve an intermediate metabolite in purine biosynthesis and depends on histidine as an HMP precursor (Tazuya et al. 1989 (Tazuya et al. , 1993 Maundrell 1990; Ishida et al. 2008) . However, to our knowledge, this is the first demonstration that the early purine enzymes can be bypassed for thiamine synthesis in bacteria. Bioinformatic analyses of bacterial genomes (G. Suen, personal communication) identified bacteria (e.g., Acidovorax JS42 and Magnetospirillum magneticum) that have thiC, lack one or more enzyme early in the purine biosynthetic pathway, and are reported to grow on media lacking purines and thiamine (Blakemore et al. 1979; Lessner et al. 2003) . In the context of the results reported here, these data raise provocative questions about different strategies for thiamine synthesis in bacteria. Additional work is required to verify the predictions of genomic analyses and probe the new activity of PurC suggested by the results here. LITERATURE CITED
